Mercury fl ux from HgCl 2 -treated sand and untreated soil samples of varying thickness (0.5-15 mm) were measured in dark and light under a Tefl on dynamic fl ux chamber. Mean emissions over a 5.5-d sampling period showed an increase with depth for sand samples between 0.5 and 2 mm, but increasing depth above 2 mm had no eff ect. First-order kinetic models showed strong goodness of fi t to the data and explained a high degree of variability in the emissions profi le of all sand samples (R 2 = 0.70-0.98). Soil samples showed an initial emissions peak that was not correlated with depth, suggesting a very shallow process at work. However, longer-term "baseline" emissions, measured as mean emissions between Days 4.5 and 5.5, did show a relationship with depth. First-order kinetic models showed good fi t for soil samples up to 4 mm thick (R 2 = 0.66-0.91); however, thicker samples did not show a consistent fi t to fi rst-or second-order kinetic models (1° R 2 = 0.00-0.46; 2° R 2 = 0.00-0.54). Th e data suggest that mercury emissions from soil samples may follow a multicomponent model for which more than one component is aff ected by incident radiation.
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An Investigation of the Kinetic Processes Infl uencing Mercury Emissions from Sand and Soil Samples of Varying Thickness
Jason L. Quinones and Anthony Carpi* D ivalent mercury (Hg 2+ ) in soil and water surfaces can be reduced to elemental mercury (Hg 0 ) and emitted to the atmosphere (Wood, 1974; Schlüter et al., 1995; Fitzgerald et al., 1998; Wang et al., 2003) . Environmental factors, such as temperature (Siegel and Siegel, 1988) , UV light (Moore and Carpi, 2005; Xin et al., 2007) , humic acid concentration (Mauclair et al., 2008) , pH, and moisture (Schuster, 1991; Schlüter, 2000; Song and Van Heyst, 2005) , have been shown to infl uence this process. Despite progress in Hg research, little is known about the exact mechanism of reduction and emission from soil, including the soil depth to which Hg emissions can be attributed. One factor that appears to play a dominant role in the reduction of Hg in soil is light energy (Carpi and Lindberg, 1997; Zhang et al., 2001; Gustin et al., 2002) , and especially ultraviolet light (Bonzongo and Donkor, 2003; Moore and Carpi, 2005; Xin et al., 2007) . Hence, the penetration of light into soil may have a signifi cant eff ect on Hg emission, and understanding emissions from soil of various depth should provide data to help understand the mechanisms involved. Carpi and Lindberg (1997) and Feng et al. (2006) have suggested that the top 1 to 2 cm and 0 to 5 cm of soil, respectively, are of most importance in this process, whereas others, such as Dreher and Follmer (2004) , have demonstrated that the upper 0 to 8 cm of soil contains the highest concentration of total Hg. Almeida et al. (2005) have shown that Hg loss from forest soil after conversion from forest to pasture was most significant in the surface 20 cm of soil. Hintelmann et al. (2002) found that newly deposited Hg is more easily lost through volatilization, suggesting a shallow surface emissions phenomenon. Divis et al. (2005) have suggested that Hg emissions from marine and river sediment may be limited to the upper 0 to 4 cm because their data showed large spikes in total and labile Hg in the surface Fe and Mn reduction zone. However, understanding emissions of Hg from varying depths of soils requires further investigation. In this work, we describe a series of laboratory experiments conducted to investigate emissions from substrates of diff erent thicknesses used to simulate surface depth.
Materials and Methods

Samples
Samples were created using clean laboratory grade SiO 2 sand (Sigma-Aldrich, St. Louis, MO) or with soil collected from a small forested area in southwestern Connecticut. All sand samples were baked for approximately 3.5 h at 300°C using a Fisher Isotemp 800 oven (Fisher Scientifi c, Pittsburgh, PA) before treatment and analysis to ensure background Hg did not pose an experimental bias during analysis. Sand samples were amended with an HgCl 2 solution to a fi nal Hg concentration of 0.005 ppm Hg by mixing 1 mL of a 0.5-ppm HgCl 2 solution with 23.5 mL of Milli-Q water per 100 g of SiO 2 sand. All sand samples were analyzed in triplicate using a DMA 80 Direct Mercury Analyzer (Milestone, Sorisole, Italy) after HgCl 2 treatment, and fi nal sand concentrations were averaged 0.0052 ± 0.0003 ppm. Sand was mixed with the Hg solution in a 100-mL fl ask and then transferred to a clean Tefl on sheet. Doped sand samples were spread evenly with a Tefl on spatula to create a circle with a diameter of 23 cm (surface area of 0.04154 m 2 ). Th e doping process may have aff ected Hg speciation because HgCl 2 is known to hydrolyze in water to Hg(OH) 2 and HgClOH (Ciavatta and Grimaldi, 1968) . However, this is an equilibrium process that reverses on evaporation of water. Although this does not preclude the formation of the other complexes of Hg from trace impurities present despite the fact that clean sample handling and preparation procedures were used, the behavior of Hg in these doped sand samples mimicked that of other studies in our laboratory in which dry HgCl 2 was placed under our chamber.
Soil was collected from underneath the litter of a small forested area in southwestern Connecticut. Soil in the area falls into the Paxton soil series and is considered a fi ne sandy loam derived from parent material of coarse-loamy lodgment till (USDA, 2010) . Th e area has been in residential, suburban use since 1927 and was used as pasture before this date. No direct waterborne or airborne source of Hg exists within a 2-km radius of the site, and the nearest urban area (Norwalk, CT) is 5 km southeast of the site. Soil was collected from the upper 7 to 8 cm of topsoil within an approximately 0.5 m 2 plot. Samples of the collected soil (∼500 g) were sent to Cornell University Nutrient Analysis Laboratory (Ithaca, NY) for characterization and were found to have a moisture content of 7.5%, a pH in water of 5.7, and an organic matter content of 21.6%. Th e soil displayed trace levels of naturally occurring metals within normal limits. Soil was air dried at room temperature, sieved using a USA Standard Test Sieve ASTM E-11, and homogenized by mixing it inside a clean polyethylene bucket with a clean Tefl on spatula. Soil collected was not amended with HgCl 2 and thus was tested for its native Hg content. Soil was analyzed with the Milestone DMA 80 Direct Mercury Analyzer, and the average concentration of Hg in the samples was 0.156 ± 0.031 ppm.
Given the diffi culty in creating very thin samples of sand or soil, samples were created by taking a known mass of substrate and spreading this to a consistent surface area (0.04154 m 2 ). Sample masses were chosen systematically, and then thickness was measured using a General Ultra-tech stainless steel digital caliper with a 0.01 mm resolution and a range of 0 to 150 mm (Cole-Palmer, Vernon Hills, IL). To measure thicknesses, two uniform glass surfaces were sandwiched above and below the individual sand and soil samples. Th e thickness of the glass surfaces and the Tefl on sheet was subtracted from the total thickness measured for each sample (depth). Sand samples with the following thickness (and mass) were measured: 0.54 mm (17 g sand), 0.88 mm (25 g), 1.35 mm (50 g), 2.07 mm (75 g), 2.39 mm (100 g), 3.05 mm (150 g), and 5.42 mm (300 g). Th ickness (and mass) of soil samples were varied as follows: 1.97 mm (17 g), 3.28 mm (50 g), 4.60 mm (75 g), 5.62 mm (100 g), 6.92 mm (150 g), 8.33 mm (175 g), 9.52 mm (200 g), 11.63 mm (300 g), 15.51 mm (400 g). We were unable to create soil samples with adequate surface coverage that were less than 2 mm thick due to the tendency of soil particles to aggregate. Before running each sample, chamber blanks were measured using clean Tefl on sheets to account for any chamber artifacts. Blanks throughout the sampling period were measured under continuous full spectrum light and showed an average fl ux of 6.56 ± 0.25 ng h −1 m −2 , where the error reported is a 95% confi dence interval. Although the blanks are higher than reported in other studies, blank measurements were consistent throughout the study and did not aff ect the relative comparisons of fl uxes in this work.
Flux Measurement and Apparatus
Flux measurements were made using a semispherical Tefl on dynamic fl ux chamber with a 23.5-cm internal diameter and an internal volume of approximately 2.5 L. Mercury fl uxes were measured at a continuous fl ow rate of 6 L min −1 . Outlet and inlet concentrations were accurately analyzed by a Tekran Mercury Vapor Analyzer (model 2537A; Tekran Instruments Corp. Knoxvill, TN) as described by Lindberg and Price (1999) and Lindberg and Meyers (2001) .
Elemental Hg was measured as sequential 5-min concentrations, with two inlet and two outlet measurements alternating in sequence for one full cycle of 20 min resulting in two sequential fl ux readings. All fl ux calculations are represented as an average of the two sequential readings collected during the 20-min cycle. Th e Tekran Analyzer was calibrated weekly using an external injection source (10 μL) and daily using the Tekran's internal permeation source. Th e internal and external calibrations displayed less than a 10% diff erence throughout the study. All samples were analyzed in a vertical laminar fl ow hood fi tted with HEPA and activated-carbon fi lters to limit ambient Hg inside the hood.
Chamber inlet and outlet Hg concentrations were used to calculate fl uxes using the steady-state fl ux equation:
where C o and C i are the outlet and inlet concentrations, respectively (ng m 
Temperature and Light
Temperature and light were monitored daily. Th e temperature of the sample surfaces was measured using a 675-nm laser infrared thermometer (Fisher Scientifi c) with a SD of ±2°C.
Temperatures were consistent throughout experiments, ranging from 45 to 52°C with an average of 49°C for sand sample surfaces. A NESLAB-RTE 10 cooling system (Th ermo Scientifi c, Worcester, MA) was added to the experimental setup during analysis of soil samples. Th e tray containing the samples was placed on a coiled copper pipe as per Mauclair et al. (2008) .
Cool water was circulated through the pipe to maintain the temperature of the soil samples at 32°C with a SD of ±7°C across the diameter of the sample surface. Light was supplied by broad-spectrum Multi Vapor metal halide lamps (GE, Cleveland, OH) placed approximately 46 cm above the samples. Th e lamp produces radiation in the UV, visible, and infrared regions that closely mimic the solar spectrum. Light intensity was measured as a function of wavelength, with the greatest intensities being associated with the 500-to 600-nm range. Light intensities ranged from 70 to 100 w m −2 over the surface of the sample, with the lower intensity being the average of measurements taken at the edge of the samples and the higher intensity being the average measured at the center of the samples. All light intensities were measured using an LI-250A Light Meter Quantum/Radiometer/Photometer with an accuracy of ±2% (LI-COR Biosciences, Lincoln, NA). , and no significant trends were noted over the 3-d dark sample periods. Emissions from soil samples in the dark averaged −0.55 ± 0.32 ng m −2 h −1 , and no signifi cant trends were identifi ed over the 3-d dark sample periods. All samples showed an immediate increase in Hg emission on the introduction of light, with fl ux maxima occurring at the onset of light exposure (Fig. 1) . All samples exhibited a gradual decline in fl ux on continuing light exposure. All samples were exposed to light for a minimum of 5.5 d (132 h), and fl ux values during this 132-h exposure period were averaged for each sample to empirically compare sample emissions. For the thinnest sand samples (up to 2 mm), an increase in Hg fl ux was seen with increasing thickness; however, no statistically signifi cant diff erence in average fl ux was seen for samples thicker than 2 mm (Fig. 2) . Replicate sand samples showed good agreement with one another (Fig. 2) .
Results
Fluxes
Soil samples consistently showed signifi cantly lower Hg emission levels than sand samples despite higher concentrations of total Hg (0.156 ± 0.031 vs. 0.0052 ± 0.0003 ppm in soil and sand, respectively). Like sand, replicate soil samples showed good reproducibility (Fig. 3) . Mean soil Hg fl ux did not show a signifi cant relationship with sample thickness (Fig. 3) . Two of the three thickest soil samples (one 11.63-mm sample and the 15.51-mm sample) exhibited average fl uxes that were signifi cantly higher at the 95% confi dence level than all other samples; however, the relationship between thickness and average fl ux among all samples was weak (R 2 = 0.21). To explore the possible mechanisms of Hg emission from the samples, zero-, fi rst-, and second-order kinetic models were fi t against the data. For the majority of sand samples, the fi rstorder model was the best fi t and took the form [F] = [F] 0 e −kt , where F is fl ux, [F] 0 is the fl ux at time (t) = 0, and k is rate constant of the process in hours. Values for [F] 0 , k, and R 2 were calculated for each sand sample and are shown in Table 1 . Th e second-order model fi t was determined by calculating R 2 values for best fi tting line to the data plotted as 1/[F] versus t; these values are listed in Table 1 . Th e fi rst-order model consistently outperformed the second-order model for the thinnest sand samples. Th e thickest sand samples showed good fi t to fi rstand second-order models; however, R 2 values for second order models were slightly higher (Table 1) . Half-times (t 1/2 ) were calculated for each sample from the experimentally determined rate constants and are shown in Fig. 4 . Half-times tended to increase with increasing sample thickness (R 2 = 0.44) (Fig. 4 ), but this change appears to level off for the thickest samples. Th e thinnest sand samples (0.54 mm) produced an emissions decay curve that approached zero; however, thicker sand samples approached an emissions asymptote above zero. To quantify and compare these longer-term "baseline" emission levels, sand fl ux values during the fi nal 24 h of each sample's exposure to light (Days 4.5-5.5) were averaged (Fig. 5) . Baseline fl uxes of Hg from sand samples show a clear relationship with increasing depth (R 2 = 0.62); however, this trend appears to level off among the thicker sand samples, consistent with the observed increase in emission half-times. For soil samples (Table 2) , the fi rst-order model appears to fi t the data reasonably well for the thinnest samples. However, soil samples >4 mm thick showed only sporadic and weak fi t to fi rst-and second-order models. Half-time values for soil were higher than for sand; however, t 1/2 values for soil showed no relationship with sample thickness (Fig. 6 ). All soil samples approached an emissions asymptote at positive values regardless of sample thickness. Soil fl ux values during the fi nal 24 h of each sample's exposure to light (Days 4.5-5.5) were averaged to compute baseline fl ux levels (Fig. 7) . Baseline fl uxes over soil in light remained signifi cantly elevated at the 95% confi dence level over soil fl uxes in dark. Baseline soil fl uxes in light showed a weak relationship with sample thickness (R 2 = 0.39), and samples >10 mm thick had baseline emissions that were signifi cantly elevated over all other samples at the 95% confi dence level.
Discussion and Conclusions
Mercury emissions from all samples were aff ected by incident radiation. At the shallowest depths measured, emissions from sand samples increased with sample thickness. Emissions from sand samples thicker than 2 mm did not show a consistent relationship with thickness. Mercury emissions from soil samples did not show a consistent relationship with sample thickness at any depth, although a slight upward trend is noted in the data. Th e relationship between fl ux and thickness identifi ed in shallow sand systems may be related to light penetration. Light penetration at 1 mm has been found to be 80% in SiO 2 sand but <2% in sediment. At 2 mm, light penetration drops to 52% for SiO 2 and 0% for sediment, and light penetration is only 9% by 4 mm in SiO 2 sand (Gomoiu, 1967) . Mercury emissions in light from all sand samples show good fi t to a fi rst-order kinetic model, suggesting a concentrationdependent process. Th e intercept of the fi rst-order model, [F] 0 , was depth related for samples up to 2 mm thick but was depth independent for thicker samples, suggesting that initial emissions are strongly infl uenced by processes penetrating the fi rst 2 mm of sand and are likely due to the direct reduction of surface-adsorbed Hg by light in these layers. Emissions levels dropped sharply within the fi rst 36 to 48 h for all sand samples and then entered a longer period of gradual "baseline" decline, remaining elevated over Hg emissions from sand in the dark. Th ese baseline emission levels are correlated with increasing depth across all samples measured, suggesting that the latter portion of the emissions profi le may be dominated by a secondary process of replenishment or direct emission from deeper layers of substrate.
Mercury emissions in light from soil samples up to 4 mm thick show good fi t to a fi rst-order kinetic model, suggesting a concentration-dependent process in the upper layer of soil systems. Th e fi rst-order kinetic model intercept, [F] 0 , was not correlated with depth for soil samples, suggesting that the initial fl ux peak is dominated by a very shallow process limited to the upper surface of soil particles. Th ese initial fl ux peaks from soil samples were limited to a shorter period than sand samples (generally 10-12 h). Soil samples then entered a longer period of baseline emissions that remained higher than emissions from soil held in the dark. Baseline emissions from soil samples showed signifi cant variability; however, a relationship with depth is evident in the data (Fig. 7) . Neither fi rst-nor second-order kinetic models showed a consistent fi t to soil samples thicker than 4 mm. Th us, the data may suggest a multicomponent model at work in soils whereby one component of the emissions spectrum is limited to the surface of the soil matrix and a second component is driven by a subsurface phenomenon. Both components are driven by exposure to light.
Th is study was conducted on dry soil, so one limitation of the work is that it does not consider the role that water has in redistributing Hg through the soil system. In addition, speciation of Hg in soil was not considered in this study and could have contributed to the diff erences in behavior of the soil emission profi le compared with sand samples. Th e analysis and data presented here refl ect controlled laboratory conditions and do not take into account other naturally occurring geophysical processes. Given these limitations, these results may suggest that natural processes such as erosion can have a signifi cant eff ect on soil Hg emissions because they determine when and what layers of soil are exposed to light. Th is work contributes to our understanding of the kinetics of the processes infl uencing soil Hg emissions, and we hope that the phenomena observed here can contribute to models aimed at understanding the role of light in the reduction of Hg in soil.
